Introduction
Optical coherence tomography (OCT) has developed rapidly since its potential for applications in clinical medicine was first demonstrated in 1991. 1 OCT performs high-resolution, crosssectional tomographic imaging of the internal microstructure in materials and biologic systems by measuring backscattered or backreflected light.
The origin of OCT lies in the early work on white-light interferometry that led to the development of optical coherence-domain reflectometry (OCDR), a one-dimensional optical ranging technique. 2 OCDR uses short coherence length light and interferometric detection techniques to obtain high sensitivity, highresolution range information. OCDR was developed for finding faults in fiber-optic cables and network components. 2 However, its ability to perform ranging measurements in the retina 3, 4 and other eye structures 3−5 was soon recognized. D. Huang et al. 1 then extended the technique of OCDR to tomographic imaging in biological systems by developing the OCT system. The OCT system performs multiple longitudinal scans at a series of lateral locations to provide a two-or three-dimensional map of reflection sites in the sample.
In the original OCT system, 1 low-coherence light from a broad bandwidth superluminescent diode (SLD) centered at 830 nm is coupled into a single-mode fiber-optic Michelson interferometer. Light exiting the sample arm fiber is focused into the specimen being imaged. Light retroreflected from tissue structures is combined in the fiber-optic beam splitter with light from a scanning reference mirror. Interference occurs at the detector only when the distance of the reflection from the sample is matched to the length of the reference arm to within the coherence length of the source. A longitudinal scan of the sample is then performed by scanning the reference mirror position and simultaneously recording the interferometric signal. The interferometric signal is demodulated using band pass filtering and envelope detection, then digitized and stored on a computer for post processing. To acquire data for a two-dimensional image, a series of longitudinal scans are performed with the optical beam position translated laterally between scans. The data set is then displayed as either a false-color or gray-scale image. An example of such a conventional OCT system is shown in Fig. 1 . 
Optical coherence tomography

Abstract
The foundation of optical coherence tomography (OCT) is briefly reviewed, and the use of the technique as a diagnostic tool in medicine is discussed. Previous and current research activities in OCT carried out at Risø are outlined. Finally, the multitude of medical applications of OCT, undertaken investigation at Risø, are discussed.
The longitudinal resolution of an OCT image is determined by the coherence length of the light source. For a light source having a Gaussian spectrum, the coherence length
where λ and ∆λ are the center wavelength and the FWHM spectral bandwidth, respectively. 6 The first OCT system had a longitudinal resolution of 17 µm in air. 1 The lateral resolution of an OCT image is determined by the spot size of the sample beam at the depth being probed in the tissue. In a random medium like tissue, it is necessary to take the scattering of the light into account when determining the spot size. 7 Since the development of the first OCT system 1 described above, a lot of effort has been put into the improvement of the system. Regarding a system based on the original concept, the main focus areas have been: the light source, the interferometer, and the beam scanning optics. A comprehensive review of the progress within these areas is given in Ref. 6 .
A superluminescent diode, as used in the first OCT system, comes close to being the ideal source for OCT imaging due to the high irradiance and relatively low cost. However, the coherence length of SLD's, which is typically 10−20 µm, is insuffi- 
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cient to image individual cells or subcellular structures such as nuclei in tissue. The highest longitudinal resolution OCT achieved to date was, according to the author's knowledge, obtained by using a femtosecond Ti:sapphire laser. 8 Using this source, in vivo subcellular imaging with longitudinal resolution of ∼1 µm was demonstrated. 9 Femtosecond lasers are not, however, without limitations as sources for OCT. The cost, complexity, and environmental instability of these lasers make their clinical application cumbersome.
In addition to a higher irradiance of the light source, other interferometer configurations than the conventional Michelson interferometer may also lead to an improved signal-to-noise ratio (SNR). By using interferometers with balanced detection, the intensity noise of the light source is suppressed. 10 The choice of a balanced OCT configuration versus an unbalanced OCT configuration with optimized reference-arm attenuation has been investigated. 11 Moreover, a family of power-conserving fiber-optic interferometer designs have been introduced that use optical circulators, unbalanced couplers, and (or) balanced detection. 12, 13 In the first OCT system, 1 a stepper motor stage was used to scan the reference mirror. Since then, several techniques have been applied in the attempt to make the image acquisition faster. Real time in vivo imaging has recently been demonstrated. 14 The reference scanning was performed by using a delay line in the reference arm that was developed for femtosecond pulse shaping, 15, 16 and recently applied to OCT. 17 It is important to note that faster image acquisition requires detection electronics with broader bandwidth, thus decreasing the SNR.
Sub-surface OCT imaging in highly scattering tissues is a topic of considerable interest. Optical imaging in non-transparent biological tissues is, in general, a difficult problem, primarily due to the scattering of the tissue. The attractive spectral region for OCT imaging in non-transparent biological tissues is near 1.3 µm, where light scattering is low relative to scattering of light in the visible region, and the tissue absorption is low. In this wavelength region near 1.3 µm, several investigators have demonstrated imaging up to 1−3 mm deep in the tissue, dependent on the tissue type examined. 18, 19 For a comprehensive review of the biomedical and clinical applications of OCT, the reader is referred to Ref. 19 .
The most advanced clinical applications of OCT to date have been for non-invasive, high-resolution imaging of intraocular structures. 20−22 Ophthalmic OCT imaging studies have demonstrated significant potential for routine clinical examinations of the anterior eye, crystalline lens, and retina. A specialized version of OCT for retinal examination has been commercialized and several thousand patients have been examined using this method (Humphrey Systems, Dublin, CA). With the advent of 1.3 µm sources, applications in dermatology are likely to appear in the near future. 23 For example, the occurrence of patients with malignant melanoma (skin cancer) is increasing and therefore diagnosing these patients becomes increasingly important. However, improved resolution of OCT systems and more clinical studies are required before these lesions are to be diagnosed effectively by OCT. Finally, endoscopic applications of OCT have matured and the technology is paving its way into cardiology. 24 An American based company is now beginning clinical trials using OCT for intracoronary diagnostics of atherosclerotic plaques to provide information on their stability and propensity to rupture. 
OCT activities at Risø National Laboratory
In this section, we provide an overview of the research activities within optical coherence tomography, which are carried out in the OCT group at Risø National Laboratory.
A. Modeling OCT configuration and systems
Analytical modeling of OCT using the extended HuygensFresnel principle
A new theoretical description of the OCT technique when used for imaging in highly scattering tissue has been developed and verified experimentally. 7 The theoretical description is based on the extended Huygens-Fresnel principle. 26 It has been shown that the theoretical model describes the performance of OCT systems in both the single and multiple scattering regimes simultaneously. The model inherently includes the shower curtain effect, 27, 28 and it has been demonstrated that this effect is of utmost importance in describing the performance of OCT systems. This effect has erroneously been omitted in previous theoretical models of OCT systems.
The analytical model enables a calculation of the SNR, where the optical properties of the tissue have been taken into account. This is an important tool in the design of OCT systems. A method for calculating the maximum probing depth based on the SNR has also been developed. 29 Furthermore, the model enables the determination of the lateral resolution of the OCT system at arbitrary depths in the scattering tissue.
Finally, an analysis of the effects of forward multiple scattering on OCT axial resolution has been carried out based on the extended Huygens-Fresnel principle. 30 Monte Carlo simulation of OCT The propagation of light in scattering media such as tissue can often be well modeled by simulating the equations of photon transfer. When performing such Monte Carlo simulations the tissue is treated as a random medium in the sense that the scattering, absorption, and refractive processes are being emulated using computer generated random numbers. The properties of the involved "dices" are determined by the mean free path length, the scattering and absorption properties of the medium, and the Fresnel coefficients. Each simulated photon packet experiences a new realization of the scattering medium and by averaging over many photons (often many millions) we may, for instance, calculate an expected intensity distribution in a given plane. Due to the fact that it is necessary to propagate many photons, especially when the medium is highly scattering, the technique is time consuming. Nevertheless, Monte Carlo models are highly valuable for analyzing configurations where the application of analytical models is cumbersome. On the other hand, Monte Carlo models may act as a controlled numerical experiment in cases where it is desired to investigate media with specific properties and (or) geometries.
We have developed a Monte Carlo model enabling analysis of OCT configurations. Our implementation is based on a wellestablished Monte Carlo code for simulating light propagation in turbid media. 31 In order to simulate the measuring principle of the OCT geometry, it has been necessary to extend this general computer code in three aspects. Firstly, we have made appropriate modifications of the existing code to apply it to OCT configurations. Secondly, in contrast to previous work, we have showed
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that for a certain configuration, the OCT heterodyne detection process may be adequately modeled by using incoherent Monte Carlo simulations. That is, we have showed that it is possible to transform the analytic expression for the OCT signal to a form that depends only on the intensity distribution in a certain plane. This in turn implies that the OCT signal may be adequately estimated by using incoherent Monte Carlo simulations of the photon transfer. Thirdly, our code incorporates a novel method of modeling the focusing of a laser beam into a turbid medium. With this focusing method, we are able to obtain the full threedimensional intensity distribution of a Gaussian beam, which makes the method applicable for soft as well as hard foci.
We have validated our model against the results obtained using the extended Huygens-Fresnel model, and excellent agreement has been found. One future application of the model will be to investigate the feasibility of applying the suggested approach of true-reflection OCT imaging, described below, for media with different layered structures.
B. Applications of OCT
Fast OCT system for 3D imaging of tissue An OCT set-up based on a broadband source at 1330 nm for 3D imaging of tissue has been constructed at Risø. The resolution of the system, both laterally and longitudinally, is 10−15 µm. The configuration is centered on a Fourier domain rapid scanning optical delay line 17 in combination with fast scanning of the sample. A LabVIEW program for data acquisition providing a userfriendly interface to the measuring configuration is also part of the system. In order to speed up the data processing, an electronic envelope detector has been built and integrated into the electronic post-processing of the detector signal. A picture of the system is shown in Fig. 2 .
The system incorporates the possibility of repeated measurements during the scan cycle, i.e., spatial averaging of single scans. Hereby, it is possible to increase the signal-to-noise ratio, with the price paid being an increased recording time. For adequate visualization of the recorded image data, we apply different types of volume rendering. An example of a 3D OCT image of a biopsy of a heavily calcified aortic plaque is shown in Fig. 3 .
Cardiology
Aside from histology, no conventional imaging modality can achieve sufficient resolution and contrast to analyze in vivo the microstructure of atherosclerotic plaques and hereby provide information on their stability and propensity to rupture. We therefore developed an OCT system with the aim of assessing and classifying atherosclerotic plaques in human arteries. The system achieved lateral and longitudinal resolutions of 10−15 µm and a penetration depth of 0.4−1mm, which is satisfactory for plaque classification. Aortic tissue samples at different stages of plaque development have been obtained at necropsy and scanned using the OCT system. An example of an OCT image of normal aortic tissue is shown in Fig. 4a , and an example of an OCT 
Fig. 4. a) OCT image of normal aortic tissue (3 mm wide). b) OCT image of atherosclerotic plaque at a late stage of development; (A) highly calcified tissue, (B) fissures, and (C) large lipid pool below calcified tissue.
Dermatology
The first OCT system developed at Risø was based on a 814 nm SLD (SuperLum, Russia) with the sample and reference arm scanning carried out by motorized scanners. The system had good imaging resolution and repeatability, but lacked speed for in vivo measurements. The OCT system operating at 1.3 µm described previously including the rapid-scanning reference arm is well suited for imaging in dermatology. The system is capable of providing two-dimensional high-resolution images in vivo of skin tissue in a few seconds. Three-dimensional images may also be generated at the price of increased recording time.
The system is portable and may thus be taken to clinics to perform non-invasive diagnostics. As an example, Fig. 5a shows a two-dimensional OCT image of the skin of a healthy volunteer (lower left forearm). The image is 3 by 1 mm 2 with longitudinal resolution of approximately 12 µm. Notice that the epidermaldermal junction is clearly identified in the image. The otherwise healthy volunteer had a third-degree burn (1½ years old) on the lower right forearm and the corresponding OCT image is shown in Fig. 5b . For the burn, the dermal junction is now less pronounced, which is due to change of tissue composition. The dermal layer of the burn has increased content of collagen changing the optical properties of the dermal layer. In fact, the difference in optical properties between the dermal and epidermal layers becomes much less pronounced thus explaining the less visible junction in Fig. 5b . Moreover, the junction becomes more flat, which is another characteristic property of scarred tissue.
Currently, we are developing a hand-held probe for the system similar in size to a large matchbox. The probe will further the use of OCT in characterizing skin diseases, and it will be used in comparative studies between OCT imagery and conventional histopathology.
Industrial process monitoring
The origin of OCT stems from white-light interferometry for optical ranging, 2 as stated in the Introduction. Disregarding the imaging capabilities, a single longitudinal scan performed with an OCT system represents optical ranging of an opaque object. Notice that the object may be multilayered, and the system will then produce a scan from which the optical thickness of each layer may be determined. This property may be utilized for online industrial process monitoring and (or) quality control.
As an example, in collaboration a with Coloplast A/S and FORCE, we have investigated the possibility of on-line monitoring the thickness of a polymer film while being extruded. The film itself is non-transparent and has a thickness in the range 1− 1.5 mm. The thickness must be controlled and measured with a resolution of approximately 15 µm. Preliminary investigations carried out at Risø demonstrated that this technology is a viable solution for such on-line process monitoring. Fig. 6 shows the envelope-signal for a moving polymer film; the surface reflection and the back-reflection. The back-reflection is lower due to the attenuation from the scattering in the bulk polymer. Moreover, the polymer is stuck on special paper, and the resolution of the system is capable of resolving the fine structures of this paper. The technique is now being developed into a practical monitoring device by FORCE and Coloplast A/S in collaboration. 
Image processing
A. True-reflection OCT imaging algorithm The interpretation of conventional OCT images may be a difficult task. One reason for this is the fact that an OCT signal, measured at a given position in a nonabsorbing scattering medium, is a result of not only the amount of light reflected at the given position, but also the attenuation due to scattering when the light propagates through the scattering medium. Therefore, to make images, which give a direct measure of the amount of light reflected at a given position, thereby making interpretation of OCT images easier, it is necessary to be able to separate reflection and scattering effects.
At Risø, a so-called true-reflection OCT imaging algorithm 32 has been developed. With this algorithm, it is possible to remove the effects of scattering from conventional OCT images and create so-called true-reflection OCT images. This kind of postprocessing is similar to the correction for attenuation well known in ultrasonic imaging. In that field, a mathematical model describing the relationship between the received signal and the two main acoustic parameters, backscatter and attenuation, has been considered. 33 The model has then been used to guide the derivation of a processing technique with the aim of obtaining ultrasonic images that faithfully represents one acoustic parameter, such as backscatter. 33 Due to the similarity between the ultrasonic case and the situation encountered in OCT, this forms a strong basis for introducing the concept of a true-reflection OCT imaging algorithm.
The principle of the true-reflection OCT imaging algorithm is demonstrated experimentally by preliminary measurements on a solid scattering phantom. The solid phantom having three discontinuities, A, B, and C, with identical reflection coefficients, is shown in Fig. 7a . The result of using the novel imaging algorithm on an OCT image of the solid phantom is shown in Fig. 7b . The OCT image consists of 40 longitudinal scans. For a better visualization of the effect of the true-reflection imaging algorithm, the envelopes of these scans are shown as a 3D-plot. As expected, the three signals from the discontinuities A, B, and C are nearly equal in strength after using the algorithm. A plausible explanation of the lateral variations of the signal is speckle, 34 which is a well-known effect in OCT. 35 The variation of the signal close to the step (see Fig. 7a ) is likely due to a partly reflection of the beam. The experiment demonstrates the feasibility of the new algorithm for a homogeneously scattering medium. However, the algorithm may be extended to cover heterogeneously scattering media, e.g., skin tissue, which is currently being investigated at Risø.
Moreover, the reduction of the dynamic range of the data when using the algorithm is an additional advantage of this postprocessing technique.
Finally, by using the true-reflection OCT imaging algorithm improved diagnosis from OCT images may be envisioned due to a better differentiation of different tissue types.
Summary
Optical coherence tomography (OCT) is briefly reviewed, and the use of the technique as a diagnostic tool in medicine is discussed. OCT is an imaging modality capable of producing twoand three-dimensional images of highly scattering tissues with spatial resolution on the order of 5−15 microns and penetration depth in the range of 1−3 mm. Such imaging systems may be based on todays commercially available fiber-optic components and devices for telecommunications. The research activities and various medical and industrial applications investigated in the OCT group at Risø are discussed. 
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